A Chinese scientist, Jiankui He, and his creation of the world's first genetically altered baby made headlines recently. As a newly developed gene-editing technique, the CRISPR/Cas system should not be applied to human beings for reproductive purposes until it has been extensively tested. However, numerous experimental research studies in human somatic, germline cells, and even in embryos, have been conducted, which have shown CRISPR/Cas to be a useful tool for human genome editing and a potential therapeutic method for future clinical use.
With the development of recombinant DNA technology, programmable nuclease-based genome-editing tools are gradually being created. Zinc finger nucleases (ZNFs) 1 and transcriptional activator-like effector nucleases (TALENs) 2 have been well studied and are already being applied in several gene therapy clinical trials for serious inherited genetic diseases, and the newly developed CRISPR/Cas9 system 3 is turning out to be a more promising tool. In nature, CRISPR/ Cas systems provide bacteria with RNA-guided adaptive immunity against foreign genetic elements by creating doubled-stranded breaks (DSBs) with their directing nuclease activity. 4, 5 Among them, the designated class 2 CRISPR/Cas9 systems with single guide RNA (sgRNA) are being applied to mammalian genome editing, including in human cells. 6 Besides gene editing, the derived epigenetic editing tools CRISPR interference (CRISPRi), CRISPR activation (CRISPRa), and catalytically deficient Cas9 (dCas9) have also been extensively used and modified. [7] [8] [9] Since the first application in mammalian cells in 2013, CRISPR/Cas9 systems have been researched in human somatic cells, embryonic or germline cells, and even in embryos prior to germ-layer formation. Despite its practical immaturity and drawbacks, the CRISPR/Cas system still holds great promise for disease treatment and prevention.
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| G ENE TI C SCREENING AND PROG R AMMAB LE N UCLEIC ACID IMAG ING
The CRISPR/Cas9-based gene-editing system has prompted functional genome-wide genetic screening, which enables the study of DOI: 10.1002/ame2.12061
The CRIPSR/Cas gene-editing system-an immature but useful toolkit for experimental and clinical medicine gene functions and genetic interactions in complex heritable diseases. Up to now, a number of cell types have been studied. 13, 14 Diseases such fragile X syndrome, type I diabetes, acute kidney injury, and murine muscular dystrophy have all been researched. 15, 16 Furthermore, spatiotemporal localization of specific genomic loci can also be detected by using dCas9. Dysregulated molecular localization can result in or aggravate diseases. 17 Since this tool for rapid detection of specific loci (DNA) or transcripts (RNA) is partially adaptable for clinical use, related point-of-care diagnostics should be available in the near future. The CRISPR/Cas9 system is therefore a powerful screening tool for systematically elucidating gene function in health and disease states, which is crucial for understanding the pathogenic mechanism.
| G ENE THER APY WITH SOMATI C CELL G ENE ED ITING
The first clinical trial of conventional somatic gene therapy was al- 
| EPI G ENE TI C-ED ITING AND RNA-TARG E TING CRIS PR SYS TEMS FOR CLINI C AL US E
Epigenetic editing does not induce DSBs, so it turns out to be safer than direct gene editing. dCas9 is the most useful scaffold for incorporating multiple modulators to perturb transcription without permanent DNA alternation. Chromatin and histone modifications are the most direct way to regulate inherited gene expression. 26, 27 Moreover, based on the dCas9 platform, targeted DNA methylation and demethylation, and deployment of long non-coding RNA (ncRNA) to ectopic genomic sites can be used in both the study of gene expression and regulation, and also potential therapeutic strategies. 28, 29 Posttranscriptional engineering mainly focuses on RNA. It can be used for eliminating pathogenic RNA molecules, adjusting aberrant mRNA expression and splicing. Nowadays, artificial RNA-targeting
Cas9s have programmable RNA modulating activity independent of Protospacer Adjacent Motif (PAM)-presenting oligonucleotides (PAMmers). 30 CRISPR-Cas13, another class 2 type VI CRISPR-Cas system, specially targets RNA molecules and can be used for targeted gene knockdown in human cells. 31, 32 Although the CRISPRCas13a system is currently only in its infancy, we still expect it to be applicable in anti-virus prophylaxis and other disease treatments.
| G ENE ED ITING IN H UMAN G ERMLINE CELL S AND EMB RYOS , AND REL ATED E THIC AL ISSUE S
Apart from gene editing in somatic cells, the CRISPR/Cas9 system has been applied in human germline cells and embryos. Recent research has proved that this system is effective in HBB and G6PD
point-mutation correction in human zygotes. 33 In 2017, Dr Shoukhrat
Mitalipov and his team claimed success in correction of the heterozygous MYBPC3 mutation in human preimplantation embryos using a CRISPR/Cas9 system. 34 However, the relevant safety and efficacy issues of gene editing in human embryos are still being debated. [35] [36] [37] Surprisingly, and unfortunately, Dr Jiankui He from the Southern University of Science and Technology of China recently announced that he has created the world's first gene-edited babies using CRISPRCas9 technology. This breaking news incurred world-wide criticism and controversy. In the current circumstances, and in agreement with the Chinese Academy of Medical Sciences response, 38 we are opposed to any clinical application of human embryo genome editing for reproductive purposes, which, in the absence of full scientific evaluation, is in violation of laws, regulations, and ethical norms.
| SAFE T Y
Safety is the prerequisite for every therapeutic technique. Cas9-mediated single-base editors provide the potential to correct point mutations of disease-related genes without inducing DSBs, and thus without small insertions or deletions. 39, 40 Off-target effects of the Cas endonucleases are also an important concern of this newly developed gene-editing tool. Recent research has revealed that, with appropriately designed sgRNA, and using a highly sensitive strategy for identifying such effects, the CRISPR/Cas9 system can achieve in vivo editing without detectable genome-wide off-target mutations. 41 These studies all indicate that the CRISPR/Cas9 system can be further improved and finally become clinically applicable.
In conclusion, research into the CRISPR/Cas9 system has shown that, although the system is still not mature enough for clinical application in humans, steady progress has been made. While we should undoubtedly condemn Jiankui He's irresponsible actions, at the same time we should not deny that the CRISPR/Cas gene-editing technique has a bright future.
ACK N OWLED G EM ENTS
The present work was supported in part by the National Key
Research and Development Program of China (2016YFA0100103 to YH), and the CAMS Innovation Fund for Medical Sciences (2016-I2M-3-002 to YH).
CO N FLI C T O F I NTE R E S T
None.
O RCI D
Yue Huang https://orcid.org/0000-0003-1800-1282
